Abstract The palladium-catalyzed phenylacetylene oxidative carbonylation reaction has been shown to produce regular oscillations in pH, reaction heat, and turbidity when conducted in batch with methanol as solvent. Previous studies of the catalytic system showed that water plays an important role in the behavior of the catalytic cycle. Investigating this role further, the reaction was performed in methanol-water mixtures. Experiments demonstrated that, under the conditions studied, oscillations in pH are feasible when the water concentration in the system is increased (0-30 V%). At the same time oscillations visually changed, being transformed from regular oscillations to more stepwise behavior as the proportion of water is increased. By establishing the relationship between the recorded pH and HI concentration it was found that increased water concentration suppresses HI formation and hence slows the autocatalysis in the reaction. It was also found that oscillations begin when the HI concentration is in the region of 1 9 10 -3 mol L -1 . Additionally, as the amount of water in the system increases a slight decrease in the concentration of HI when oscillations start was noted.
Introduction
Carbonylation reactions are C-C bond forming reactions that are particularly important for organic synthesis. The carbonylation of phenylacetylene in methanol (Scheme 1), producing the isomeric diesters dimethyl (2Z)-2-phenyl-2-butenedioate and dimethyl (2E)-2-phenyl-2-butenedioate as well as 5,5-dimethoxy-3-phenyl-2(5H)-furanone, has been shown to produce oscillations in pH, redox potential and reaction heat [1] [2] [3] .
The oscillatory nature of changes in pH and reaction heat during the palladiumcatalyzed phenylacetylene oxidative carbonylation (PCPOC) reaction has opened this reaction up to new areas of study and possible applications [4, 5] . One of the interesting observations made during previous investigations of the PCPOC reaction at temperatures from 0 to 40°C was the effect adding methanol to the reaction mixture had on the period and amplitude of the pH oscillations. Without exception, the addition of methanol caused the period and amplitude of the pH oscillations to increase and even appeared to restart oscillations when they had previously ceased [6, 7] . Perturbation studies by Mukherjee found that the addition of HPLC grade methanol to the reaction system when large sustained oscillations were present caused a slight increase in the period of the oscillations, however, when anhydrous methanol was used as both reactant and solvent the reaction did not exhibit any meaningful pH oscillations [8] . As the methanol was in huge excess relative to the other reactants, it is unlikely to be responsible for these observations. The most likely cause is the trace water found in the HPLC methanol (stated as \ 0.03% by Sigma-Aldrich) used in the experiments. Water has been shown to affect the behavior of the catalytic system used in the PCPOC reaction and is therefore proposed to be involved in the processes in the reaction mechanism that produce the pH oscillations [9, 10] . Water also reacts in a similar manner to methanol (Scheme 1) leading to the isomeric diacids [(2Z)-2-phenyl-2-butenedioic acid and (2E)-2-phenyl-2-butenedioic acid] and phenylmaleic anhydride [11] .
In this study, a series of experiments in which the water concentration was increased from 0 to 40 V% were conducted at 30°C. This temperature was selected as being within the interval that previously demonstrated oscillatory pH behavior for the PCPOC system. In previously reported results, this temperature gave pH oscillations with a maximum period of 45 min and a reaction time of 3600 min when compared to lower temperature runs that exhibited oscillatory behavior that lasted for several weeks [7, 12, 13] . All experiments were carried out in an HEL Simular reaction calorimeter so that changes in pH and reaction heat (Q r ) could be monitored continuously for extended periods of time. To understand the effect of solvent composition on the pH recorded in the experiments, a separate set of titrations was performed to relate the pH measured as a function of hydroiodic acid 
Experimental PCPOC experiments
Experiments on the reaction system were conducted using an HEL Simular reaction calorimeter comprising of: a 1 L double jacketed reactor connected to a Julabo heater/circulator; a combined pH electrode; Pt100 temperature probe; a 150 W internal electric heater and 2 mass flow controllers to dose CO and air. All chemicals were purchased from Sigma-Aldrich and used as received. The reaction temperature was set at 30°C with deionized water volume percent of 0, 5, 20, 30 and 40%. The solvent (approximately 400 mL, with the required composition of Chromasolv HPLC grade methanol (MeOH) and deionized water as shown in Table 1 ) was added to the reactor. The solvent mixture was heated to 30°C while stirring at 250 rpm and palladium(II) iodide (434 mg) was added. The mixture was stirred for 35 min then 114 mg of NaOAc and 37.392 g of KI were added along with approximately 30 mL of the solvent mixture to remove any solids remaining on the reactor walls. The stirrer speed was increased to 350 rpm to increase the rate of KI dissolution. After 10 min, the internal standard naphthalene (1.154 g) was added followed by a further 20 mL of solvent of the required methanol/water composition. The stirrer speed was returned to 250 rpm 5 min after adding the naphthalene. The purging of the reaction mixture with CO (50 mL min -1 ) and air (50 mL min -1 ) commenced and continued for the duration of the experiment. Phenylacetylene (6.2 mL) was added after the solution had been purged with CO and air for 20 min. Temperature and pH were monitored throughout each experiment with additional solvent of the required methanol/water composition added as necessary to compensate for evaporative loss.
Determination of relationship between pH measured and HI present in the system
The relationship between pH and HI concentration was established for each solvent composition at 30°C. A dilute stock solution of HI in methanol was prepared by weighing 50 lL of 57% HI solution in water in a 5 mL volumetric flask and then filling the flask up to the mark with Chromasolv HPLC grade methanol. A 75 mL aliquot of the required methanol/water/KI solution (Table 1) was transferred to a 100 mL conical flask which was subsequently kept in a water bath held at 30°C for the duration of the experiment. Potassium iodide was included as it is used in a large excess in the PCPOC reactions to dissolve PdI 2 . This means that the ionic strength of the reaction mixture is high (approximately 0.5 mol L -1 ). Ionic strength can affect the pH electrode liquid junction potential and the hydrogen ion activity [14, 15] . The large excess of I -will also affect the dissociation of HI. Including KI in the experiments to determine the relationship between the pH measured and the HI present in the system allowed the pH measurements to more accurately reflect those obtained during the PCPOC experiments. The calibrated pH electrode and Pt100 temperature probe from the HEL calorimeter were placed in the flask to monitor pH and temperature. Portions of the dilute HI solution were added gradually to the methanol/water/KI solution starting with 10 lL allowing the pH to stabilize between each addition. After 1 mL of dilute HI solution had been added the 57 wt% HI solution was used to continue the experiment.
Results and Discussion
The pH recorded in the phenylacetylene carbonylation experiments employing HPLC grade methanol and methanol/water mixtures is given in Fig. 1 . In the experiment using 100% methanol, the addition of PhAc to the reactor containing the rest of the catalyst components (PdI 2 , KI and MeOH) resulted in a drop in pH from 7.5 to a pH of 1 before the pH slowly increased and oscillations began. As the [NaOAc] = 3.05 9 10 -3 mol dm -3 CO = 50 mL min -1 and air = 50 mL min
amount of water in the system was increased the initial fall in pH took longer, oscillations commenced while pH was decreasing and pH did not recover (Fig. 1) . The pH oscillations for each solvent composition are shown in Figs. 2 and 3. The pH oscillations in Fig. 2 were taken as the baseline pH behavior (100% MeOH) to which the pH behavior in the other solvent compositions could be compared. In 100% MeOH, the pH dropped rapidly after PhAc addition and then rose slowly over the next 1700 min (Fig. 1) . When the pH reached 1.5, after 2421 min, oscillations began. Once oscillations started the rate at which the pH rose increased and the pH oscillations gradually increased in period and amplitude (Fig. 2) . The rate of the pH increase then slowed at 2900 min until the oscillations stopped.
The trends in the pH oscillations are summarized in Table 2 which shows the amplitude of the oscillations decreased as the amount of water in the system increased. Table 2 also shows that increasing the water volume percent of the system from 5 to 30% delayed the onset of oscillations, with the change from 5 to 20% taking 60% longer before oscillations occur whilst going from 5 to 30% takes almost 3 times longer for oscillations to start. The increase in water content also increased the duration of the oscillations from 1149 min (volume percent 5%) to 3122 min (volume percent 30%).
The pH oscillations for the experiment in which the water volume percent was 5% are shown in Fig. 3a . It shows the onset of pH oscillations occurred when the pH was falling and much earlier (845 min) than in the baseline experiment conducted in 100% MeOH. Initially the shape of the oscillations was similar to that occurring in 100% MeOH (Fig. 2) with a similar period (9 min) and amplitude (0.4 pH units). Note the switching of the oscillatory behavior which occurred after 1245 min producing the large relaxation oscillations (Fig. 3a) . This was not due to any deliberate perturbation of the system and was repeatedly noted in experiments under the same initial conditions. This may mark a transition from one oscillatory state to another.
Drastically smaller oscillations were captured in the experiment employing a water volume percent of 20% (Fig. 3b) . When a water volume percent of 5% was used, the oscillations occurred when the pH was falling. Oscillations commenced at 1351 min when pH was 4.35 and lasted for 2876 min with pH settling at a pH of [NaOAc] = 3.05 9 10 approximately 0.08 at the end of the run. In addition to the decrease in size of oscillations, the oscillatory behavior changed to a more stepwise behavior. With a water volume percent of 30%, the oscillatory behavior was similar to that of the experiment in which the water volume percent was 20%. The oscillations still occurred when the pH was falling (at a pH of 4.23), although they took longer to appear (2387 min) and stepwise pH behavior was apparent (Fig. 3c) . The maximum period of the oscillations was 25% greater than that observed at a water volume percent of 30% but the amplitude of the oscillations was reduced by almost 67% (Fig. 3b) . By the time a water volume percent of 40% was reached, pH oscillations were not discernible (Fig. 3d ). [NaOAc] = 3.05 9 10 As reactions where conducted in a reaction calorimeter, it was possible to apply power compensation calorimetry to record changes in reaction heat over time [7, 12, 13, 16] . Oscillations in heater power were still evident with 5, 20 and 30% water, were in phase with the pH oscillations and reflected the changes in the pH oscillations as shown in Fig. 4 . Note the lack of oscillations in Fig. 4e when the volume percent of water is 40% even though PhAc conversion remained at 95-100% in all experiments.
Previous studies of the PCPOC reaction at temperatures from 0 to 40°C found that changing the reaction temperature produced changes in the shape of the pH oscillations [7, 12] . Increasing the water content of the reaction also affects the shape of the pH oscillations as shown in Table 3 .
As the amount of water in the system increased, the oscillations became more step-like in nature (Table 3) . When the water volume percent was 5 and 20%, there was also a sudden change near the end of the reaction from small sinusoidal-type oscillations to large oscillations that were almost square. The recorded pH, including the extent of the initial pH drop and the final pH value was dependent on the amount of water in the system-once water was in the system, increasing water content reduced the size of the initial pH drop and the final pH reading. While pH clearly differs between runs, as the measurement of pH is affected by the composition of the solvent it is difficult to meaningfully compare oscillatory characteristics such as the amplitude of the oscillations between these experiments. This is a consequence of the fact that the standard pH scale is based on measurements in water. As the amount of organic solvent in the system is increased, it alters the pK a of the acid in the system and hence alters the pH that is observed. It has been reported that in 100% methanol pH values can be adjusted by adding 2.3 to the observed pH measurements to get the equivalent pH value in water [17] . However, as the solvent composition changes, the amount by which the observed pH values need to be adjusted also changes [18] . This means that under the conditions used in these experiments a direct comparison of the observed pH values is challenging. To overcome this issue, the relationship between HI concentration and pH in the methanol/water/KI systems used in the reactions was determined by adding HI to methanol/water/KI solutions of the required compositions and measuring the pH. Fig. 5 shows the relationship obtained for each solution.
Employing the data shown in Fig. 5 , the best fit curve for each solution composition over the required pH range was obtained (Table 4 ) and used to estimate the concentration of HI produced during the PCPOC experiments from the pH recorded (Fig. 1) . The estimated concentrations of HI in each of the PCPOC experiments are shown in Fig. 6 .
A summary of the trends in the oscillations in HI concentrations in the PCPOC reactions is given in Table 5 . In 100% methanol the initial stage of the reaction is characterized by a large increase in HI concentration to a maximum of 5.1 9 10 -3 mol L -1 . Oscillations are only apparent once this large concentration has decreased to 1.43 9 10 -3 mol L -1 . The relatively large pH oscillations (0.6 pH units, Table 2 and Fig. 2 ) recorded in 100% methanol are actually small oscillations in the concentration of HI with a maximum amplitude of 1.78 9 10 -4 mol L -1
( Fig. 6 ; Table 5 ). It is interesting to note that oscillations only commence once the HI concentration is in the region of 1 9 10 -3 mol L -1 . As the amount of water in the system increases the concentration of HI when oscillations start reduces. Once water is present in the system it suppresses the initial formation of HI, resulting in a slower autocatalytic process.
b Fig. 4 The synchronization of oscillations in pH and heater power in the PCPOC reaction at 30°C with water volume percentages of a 0%; b 5%; c 20%; [NaOAc] = 3.05 9 10 -3 mol dm -3 CO = 50 mL min -1 and air = 50 mL min -1 Table 3 The change in shape of pH oscillations as water volume percent was increased from 0 to 30% in the PCPOC reaction at 30°C [NaOAc] = 3.05 9 10 -3 mol dm 
Conclusions
This study has found that oscillations in pH and reaction heat are still observable when the volume of water in the PCPOC reaction is increased up to 30% water. On the strength of this finding, optimization of the reaction conditions in mixtures with water would be beneficial in order to further the development of applications of this reaction, for example, using polymeric substrates in this reaction for medical applications. Solvent composition affects the pH measurement so direct comparison of the pH in the different solvent compositions is not meaningful. However, by establishing the relationship between HI concentration and the observed pH at each solvent composition it has been possible to estimate the change in concentration of HI during the reaction. This has shown that, under the initial conditions studied, as the concentration of water in the system increases HI formation is suppressed until, at 40% water, oscillations cease. It has also shown that oscillations commence when the HI concentration is in the region of 1 9 10 -3 mol L -1 , with this value slightly decreasing as water concentration increases.
